Somatic copy number amplification and gene overexpression are common features of many cancers. To determine the role of gene overexpression on chromosome instability (CIN), we performed genome-wide screens in the budding yeast for yeast genes that cause CIN when overexpressed, a phenotype we refer to as dosage CIN (dCIN), and identified 245 dCIN genes. This catalog of genes reveals human orthologs known to be recurrently overexpressed and/or amplified in tumors. We show that two genes, TDP1, a tyrosyl-DNA-phosphdiesterase, and TAF12, an RNA polymerase II TATA-box binding factor, cause CIN when overexpressed in human cells. Rhabdomyosarcoma lines with elevated human Tdp1 levels also exhibit CIN that can be partially rescued by siRNA-mediated knockdown of TDP1. Overexpression of dCIN genes represents a genetic vulnerability that could be leveraged for selective killing of cancer cells through targeting of an unlinked synthetic dosage lethal (SDL) partner. Using SDL screens in yeast, we identified a set of genes that when deleted specifically kill cells with high levels of Tdp1. One gene was the histone deacetylase RPD3, for which there are known inhibitors. Both HT1080 cells overexpressing hTDP1 and rhabdomyosarcoma cells with elevated levels of hTdp1 were more sensitive to histone deacetylase inhibitors valproic acid (VPA) and trichostatin A (TSA), recapitulating the SDL interaction in human cells and suggesting VPA and TSA as potential therapeutic agents for tumors with elevated levels of hTdp1. The catalog of dCIN genes presented here provides a candidate list to identify genes that cause CIN when overexpressed in cancer, which can then be leveraged through SDL to selectively target tumors.
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dosage chromosome instability | overexpression | synthetic dosage lethality | TDP1 | rhabdomyosarcoma C hromosome instability (CIN) is an inherent enabling characteristic of cancer important for tumor initiation and progression and is observed in a majority of tumors (1) (2) (3) . It has been proposed that alterations resulting in genome instability happen early during tumor formation, allowing the accumulation of errors during DNA replication, repair, and chromosome segregation, thereby increasing the likelihood that a cell will acquire multiple genetic changes necessary for tumor progression (4) . CIN is possibly the major contributor to intratumoral heterogeneitythat is, the presence of genetically distinct populations of cells within a single tumor that impacts treatment strategy, drug resistance, and tumor evolution (5) (6) (7) (8) . For these reasons, defining genes and pathways that drive CIN and understanding the mechanisms that underlie genome stability will contribute not only to an understanding of tumor etiology and progression but will also be relevant for guiding therapeutic strategies. The budding yeast Saccharomyces cerevisiae has served as an excellent model system for studying highly conserved biological pathways and has been instrumental in delineating pathways involved in genome instability (9) . Although the complete spectrum of genes that are mutable to a CIN phenotype [loss-of-function (LOF) and reductionof-function (ROF) alleles] have been determined in yeast (10, 11) , the spectrum of genes that when amplified or overexpressed cause CIN are less well-defined (12, 13) .
Somatic copy number amplifications (SCNAs) are one of the most prevalent genetic alterations in cancer genomes (14) . The high frequency of recurring SCNAs suggests that some SCNAs may be cancer drivers and emphasizes the need to uncover driver genes within these regions (15) . However, as amplified regions often encompass multiple genes, defining potential driver genes on SCNAs and distinguishing driver SCNA events are major challenges (16, 17) . Consequently, oncogenes and tumor suppressor genes have only been defined within few (<30%) recurrently altered regions in tumor genomes (17) , leaving a significant opportunity to identify novel genes in these regions that can promote tumor biology and progression.
Genetic alterations that cause CIN not only drive tumorigenesis but also present vulnerabilities that can be leveraged to selectively kill tumor cells. One approach involves exploiting synthetic lethal interactions with CIN gene alterations. The concept of synthetic Significance Chromosome instability (CIN) is well established as an enabling characteristic of cancer that contributes to cancer initiation and progression. Here, we identify 245 genes whose individual overexpression causes CIN in yeast, and we show that the overexpression of several of these dosage CIN (dCIN) genes also causes CIN in human cells. We demonstrate that genetic screens in yeast can be used to determine candidate target genes for specific killing of cancer cells overexpressing dCIN genes. Rhabdomyosarcoma cells with elevated levels of Tdp1 are one example where the histone deacetylase inhibitors valproic acid and trichostatin A can be used to specifically kill these cells. We have generated a list of dCIN candidate genes that can facilitate selective targeting of tumor cells.
lethality (SL), where combining the mutations of two genes results in significantly lower fitness compared with mutating each gene individually, has been explored previously as a therapeutic approach for the selective targeting of tumors with gene mutations that cause CIN (18) (19) (20) (21) (22) (23) . The SL interaction between mutations in the genome stability genes BRCA1 and BRCA2 and inhibitors of PARP is one such example (24, 25) . Most SL approaches focus on exploiting specific somatic mutations or deletions in cancer driver genes; however, there are just as many amplified regions as deleted regions in cancer genomes (17) . Thus, we propose using synthetic dosage lethality (SDL), which is SL with an amplified and/or overexpressed gene, as an approach to selectively target tumors that overexpress dCIN genes (26, 27) . SDL occurs when the overexpression of a gene is not lethal in a wild-type background but in conjunction with a second site nonlethal mutation causes lethality (28) (29) (30) . Given that both amplifications and deletions are equally important determinants that drive tumor progression (31), targeting dCIN genes can greatly expand the number of tumors that can be treated with an SL-based approach.
Here we describe genome-wide screens in yeast identifying 245 dCIN genes, 237 of which are previously unidentified. To demonstrate the utility of this resource, we searched for candidate human orthologs of yeast dCIN genes that are recurrently amplified and/or overexpressed in tumors and found four genes that recapitulated a dCIN phenotype. The expression of one such conserved human dCIN gene, TDP1, is elevated in rhabdomyosarcoma (RMS) cells that exhibit CIN, and the CIN phenotype is partially rescued by siRNA-mediated knockdown of Tdp1. Tdp1 is a tyrosyl-DNAphosphodiesterase (32) responsible for hydrolyzing Topoisomerase 1 (Top1)-DNA adducts that occur when Top1 becomes covalently trapped on the DNA, which often happens when cells are treated with the Top1 poison camptothecin (CPT) (33) (34) (35) (36) . We then screened TDP1 overexpression in yeast for SDL partner genes and found several interactions, which identify potential therapeutic targets for tumors overexpressing hTdp1. The histone deacetylase (HDAC) RPD3 was one candidate gene, and we show that both HT1080 cells overexpressing hTdp1 and RMS cells with elevated levels of hTdp1 are more sensitive to the HDAC inhibitors valproic acid (VPA) and trichostatin A (TSA). Our study expands the view of gene overexpression causing CIN and provides a valuable resource for identifying candidate dCIN genes in humans. In addition, we demonstrate that dCIN genes represent genetic vulnerabilities that could be exploited by SDL to selectively kill cancer cells.
Results

Systematic Gene Overexpression in Yeast Identifies 245 Dosage CIN
Genes. To discover genes that when overexpressed result in CIN, we screened an arrayed collection of 5,100 yeast strains, each conditionally overexpressing a unique gene under the control of a galactose-inducible promoter (37), using two different assays: Chromosome Transmission Fidelity (CTF), which monitors the inheritance of an artificial chromosome fragment (CF) (11, 38) , and A-Like Faker (ALF), which measures the loss of the MATα locus, thereby allowing haploid cells to mate with a tester strain of the same mating type (11, 39) (Fig. S1 ). These screens identified 245 genes that when overexpressed increased CIN in at least one of the assays. Of the 245 dosage CIN (dCIN) genes, 108 dCIN genes (44%) were identified in both the ALF and CTF screens, and 44 dCIN genes (18%) and 93 dCIN genes (38%) were specific to either the CTF or the ALF screens, respectively. These differences likely reflect the different types of CIN detected by the two assays, as CTF predominantly measures whole chromosome loss whereas ALF detects chromosome loss, chromosome rearrangement, and gene conversion events (10, 11) .
The list of dCIN genes presented in Fig. 1A and Table S1 were analyzed for general characteristics (see Materials and Methods for details on validation). dCIN genes were enriched for diverse processes including cell division, chromosome segregation, transcription, and response to DNA damage (Fig. 1B) . When grouped by biological function based on Saccharomyces Genome Database (SGD) and Gene Ontology (GO), a high proportion of dCIN genes encode proteins that associate with nuclear processes and localize to the nucleus (Fig. 1C) . Approximately 30% of the dCIN genes belong to biological pathways not typically associated with CIN, similar to as observed for CIN genes (10, 11) ; thus, the mechanisms of dCIN will require further experiments.
Our screens have extended the list of 55 previously known dCIN genes by more than fourfold for a total of 290 genes that cause CIN when overexpressed (12, 13, 40, 41) .
Analysis of the dCIN Gene Catalog Uncovers Multiple Mechanisms
Behind dCIN. Although it is clear how loss or reduction of a cellular component leads to a phenotype like CIN, there are fewer examples of how overexpression might affect the chromosomal equilibrium. As our catalog of dCIN genes represents a resource on the effect of overexpression on chromosome stability, we were interested in exploring the underlying characteristics of the phenotype. First, we compared our list of 245 dCIN genes to 692 CIN genes whose loss of function (LOF) or reduction of function (ROF) has previously been identified as increasing genome instability (10, 11) . Sixty-seven genes were common to both the CIN and dCIN gene datasets ( Fig. 2A and Table S2 ), suggesting that the overexpression of the dCIN gene may phenocopy LOF. To test whether this concordance between overexpression and LOF or ROF mutations is limited to CIN or holds true for other phenotypes, we tested whether genes that were both CIN and dCIN share negative genetic interactions. Negative genetic interactions such as synthetic slow growth (SS) or SL occur when the observed fitness defects of a double mutant is less than expected based on the fitness of the two single mutants (Fig. 2B) (42) . Each of the 67 CIN/dCIN genes was tested for SL/SS interactions with two synthetic lethal partners that were identified in the SGD or the Data Repository of Yeast Genetic Interactions (DRYGIN) database (43) to determine whether the synthetic lethal effect was recapitulated upon overexpression of the dCIN gene. Deletion mutant strains of the SL partners were transformed with plasmids that overexpressed dCIN genes and assayed for fitness using serial spot dilutions (Fig. 2C) . Overexpression of 32 of the 67 CIN/dCIN genes recapitulated a negative genetic interaction, suggesting that in these cases overexpression may phenocopy LOF (Table S2) .
To further assess concurrence between overexpression and LOF or ROF, we chose to examine the sensitivity of strains overexpressing dCIN genes to DNA-damaging agents (DDAs), as many of the CIN gene LOF and ROF mutations cause sensitivity to DDAs. When tested for sensitivity to four genotoxic agents-hydroxyurea (HU), methyl methanesulfonate (MMS), bleomycin, and benomyl-20 of the dCIN/CIN genes caused hypersensitivity to at least one genotoxic agent, but the sensitivity profiles were not identical to LOF/ROF mutations (Table S3) . For example, LOF mutants of RAD27 are sensitive to both HU and MMS, whereas the RAD27 overexpression allele caused sensitivity to HU, MMS, and also bleomycin. Forty-nine additional dCIN genes caused sensitivity to at least one DDA. In total, overexpression of 69 dCIN genes limits the cell's ability to respond to DDAs and/or may increase cellular DNA damage.
Finally, we assayed the dCIN genes for the presence of increased DNA damage using Rad52 as a marker for DNA double-stranded breaks (DSBs), as DNA damage and defective DNA repair are well-established mechanisms that lead to CIN (44) . Previous screens have looked at the effects of LOF (45) and ROF alleles (46) on Rad52-foci formation; however, our study looks at effects of gene overexpression on Rad52-foci formation.
Using synthetic genetic array (SGA) technology (47), we introduced the 245 dCIN overexpression plasmids individually into a reporter strain containing GFP-tagged Rad52 that marked DNA damage sites and mCherry-tagged histone H2A that marked the nuclei (Fig. 2D) . Spontaneous Rad52 foci were quantified using automated image analysis (see Materials and Methods). dCIN genes that exhibited foci in more than 10% of the cells (Table S3) , a twofold elevation above the vector-alone controls, were retested as follows: Plasmids were introduced into the Rad52 reporter strain using direct transformations, and foci were imaged using fluorescence microscopy and counted manually. After scoring images from three independent transformants for each dCIN gene, we identified 20 genes whose overexpression increased Rad52 foci ( Fig. 2 E and F and Table S3 ). Nine of these genes were represented in the 67 CIN/dCIN overlap gene set. A majority of the 20 genes with increased Rad52 foci belong to biological pathways previously linked to DNA metabolism (45) . We also identified several genes with no previous links to DNA damage, such as PAM1, SHE9, PUS1, and KIP3, implying that a genomewide overexpression screen for Rad52 foci may identify additional genes involved in DNA metabolism. The increased Rad52 foci in some dCIN strains suggest a requirement for Rad52 for viability. To test if Rad52 function was required, we introduced the 20 dCIN genes that exhibited increased Rad52 foci using direct transformations into a RAD52 deletion strain and assayed for SDL using serial spot dilutions. Four genes (CDC6, SLK19, PSO2, RRM3) when overexpressed in the rad52Δ resulted in SDL, suggesting that strains overexpressing these genes require homologous recombination for viability (Fig. 2G ).
Our analysis of the 67 genes common to both the CIN and the dCIN datasets shows that for a subset of 23 genes, the phenotypic concurrence was limited to the CIN phenotype. Overexpressing 32 of the 67 CIN/dCIN genes recapitulated a negative genetic interaction, 20 were hypersensitive to at least one genotoxic agent, and nine increased Rad52 foci (Tables S2  and S3 ). For this set of 44 genes that showed concurrence when tested for multiple phenotypes, gene overexpression may result in LOF or ROF.
Testing Candidate dCIN Genes Amplified and/or Overexpressed in Cancer Identifies TDP1 and TAF12 as dCIN Genes in Human Cells.
Similar to previous candidate-based studies that identified CIN genes in human cells based on phenotypic data from yeast (10, 48) , we hypothesized that the dCIN gene list could be used to direct the search for dCIN-associated amplifications in tumors. We generated a list of 292 candidate human dCIN genes using sequence homology to yeast dCIN genes (49, 50) (Table S4 ). Only two of the 292 genes, CCNE1 and CCND1, have been previously directly linked to dCIN in human cells (51, 52) . Based on this list of dCIN genes, we then chose 20 candidate genes for functional testing in human cells (Table S4 ). The dCIN phenotype in human cells was examined using a quantitative assay based on a nonessential human artificial chromosome (HAC) (53) (Fig. 3A) . The HAC, which contains EGFP (enhanced green fluorescence protein), is maintained as a nonessential chromosome in HT1080 cells due to the presence of a functional kinetochore. Cells that inherit the HAC fluoresce green, whereas HAC loss leads to a loss of fluorescence that can be detected using flow cytometry. HT1080 HAC-GFP lines overexpressing candidate genes were constructed using a lentiviral expression vector (54) , and expression of the dCIN candidates was confirmed by Western blots (Fig. S2A) .
The HAC-based assay can detect CIN induced by chemical agents that destabilize chromosomes (53) but had yet to be tested with genetic perturbations. As a proof-of-principle experiment, we overexpressed CCNE2 and CCND1, two known human dCIN genes, in HAC-GFP-containing cells. Samples were analyzed using flow cytometry every 7 d for a total of 28 d to determine the proportion of nonfluorescent cells. Overexpression of both Cyclin E2 and Cyclin D1 induced HAC loss compared with a vector-only control (Fig. 3B) . The difference between the control and cyclin overexpression was clearly distinguishable after 14 d and was even more evident after 28 d (Fig. S2B) . The fraction of cells without the HAC-GFP in the control line agreed well with previous studies (53) . We further confirmed that loss of fluorescence detected by flow cytometry corresponds with HAC loss events using fluorescent in situ hybridization (Fig. S2C) .
Next we tested 18 high-priority candidate genes using the HAC-GFP assay (Fig. S2D and Materials and Methods). Overexpression of human TAF12 and TDP1 increased the loss of the HAC-GFP compared with the vector-alone control (Fig. 3B) . Human Taf12 (hTaf12) is an RNA polymerase II TATA box-binding factor involved in transcription and was recently identified as an oncogene in brain tumors (55) . Elevated hTdp1 levels are seen in certain rhabdomyosarcomas (RMSs) (56), Dukes C colorectal cancer (57) , and nonsmall cell lung cancer (58) . Neither of these genes has been previously linked to CIN in human cells. 
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Vector A mini array containing the 245 dCIN genes were mated to a reporter strain with Rad52-GFP to identify DNA damage foci and Hta2-mcherry, which marks the nucleus. Following the generation of a haploid output array, where every overexpression plasmid contained the two reporter genes, cells were inoculated to liquid media in 96-well plates. Before imaging, overexpression was induced by growing cells in 2% galactose for 6 h. A high-content imaging platform and automated image analysis were used to identify initial hits. (E) Sample images from the Rad52-foci confirmations. The reporter strain was transformed with vector-alone control or a plasmid overexpressing RRM3 grown in galactose for 16 h. Rad52-foci were detected using fluorescence microscopy. (F) dCIN genes that show increased Rad52 foci upon overexpression. Each plasmid was directly transformed into a reporter strain with Rad52-GFP and Hta2-mcherry following image acquisition. Data from three independent experiments, each counting >100 cells, are shown (*P < 0.05). (G) Genetic interactions between the dCIN genes that induce Rad52 foci and cells lacking RAD52. Plasmids were directly transformed into either a wild-type strain or a rad52Δ and tested using serial spot dilutions. Genes that showed an SDL interaction are marked with an asterisk (*).
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RMS Lines Expressing
Higher Levels of Tdp1 Show CIN. To further explore the link between increased hTdp1 expression and CIN, we focused on RMS, one of the most common soft tissue sarcomas in children (59) . Some RMS tumors have elevated hTdp1 at both the mRNA and protein levels (56) . Using metaphase spreads, we examined whether elevated hTdp1 levels caused CIN in RMS cells by comparing chromosomal abnormalities in RH30 cells, which have high levels of Tdp1 relative to control human skeletal muscle (HSM) cells (56) . As shown in Fig. 3D , in RH30 cells we detected double the percentage of cells with at least one chromosomal abnormality compared with HSM control cells. Chromosome defects observed included chromosome fusions and breaks predominantly, both of which were significantly increased in RH30 cells ( Fig. 3 E and F) . Consistent with Tdp1 levels being responsible for the CIN phenotype, the increase in CIN can be reduced by the knockdown of TDP1 by siRNA ( Fig. 3 C and D) .
A SDL Screen for TDP1 in Yeast to Identify Candidate Targets for
Inhibiting Growth of Cancer Cells with Elevated Tdp1 Levels. Given the conservation of the Tdp1 dCIN phenotype in yeast and human tumors, we were interested in understanding Tdp1-induced dCIN and its potential as a target for therapeutics.
In yeast, loss of Tdp1 has no effect on viability, sensitivity to CPT, or CIN (11, (60) (61) (62) (63) . Deletion of TDP1 was reported to cause sensitivity to CPT in one high-throughput study (64) , however direct tests in several laboratories show that tdp1Δ mutants are not sensitive to CPT (61, 65) . In contrast, we found that overexpression of yeast Tdp1 causes CIN and sensitivity to the DDAs HU and MMS, suggesting that the overexpression phenotype is distinct from the LOF phenotype (Fig. 4A) . We also overexpressed a point mutant Tdp1
H432R in yeast, which corresponds to the missense mutation in human TDP1 that causes the neurodegenerative disorder spinocerebellar ataxia with axonal neuropathy (SCAN1) (66, 67) . This mutation (H493R) in humans reduces enzyme activity and causes the accumulation of hTdp1-DNA covalent reaction intermediates (34) . Yeast Tdp1 H432R has been shown to cause an increase in CPT sensitivity in a Top1-dependent manner, a decrease in enzyme activity, and an accumulation of Tdp1-DNA adducts in vitro (65, 68) .
In the ALF assay, we found that overexpression of yTdp1 H432R increased CIN to a level comparable with the overexpression of wild-type yTdp1 (Fig. 4 B and C) . Similar to wild-type yTdp1 overexpression, overexpression of yTdp1 H432R also rendered cells sensitive to HU and MMS (Fig. 4A) . In addition, in the absence of TDP1, the overexpression of yTdp1 H432R increased the sensitivity to CPT (Fig. 4A) . These experiments suggest that overexpression of yTdp1 H432R affects the CIN and DDA-sensitivity phenotypes to a similar extent as the overexpression of wild-type yTdp1. It also suggests that Tdp1 overexpression and its CIN phenotype cause vulnerability to a broad spectrum of DNA damage-based therapeutics.
To identify candidate drug targets for cancer cells with elevated Tdp1 levels such as RMS, we performed a genome-wide SDL screen in yeast using a query strain overexpressing TDP1 (Fig. S3A) . We identified and validated 31 gene deletions that caused SDL upon yTdp1 overexpression (Fig. 5A, Fig. S3B , and Table S5 ). SDL partners were enriched for genes involved in response to DNA damage (P value = 2.15 × 10 −05 ), which would be expected given the role of Tdp1 in DNA repair (69) .
The class I HDAC RPD3 was one of the genes that show an SDL interaction with the overexpression of yeast TDP1 (Fig. 5A) . HDACs are chromatin remodelers that remove acetylation marks from histones (70) and play a role in all processes that require structural alterations to the nucleosomes such as transcription, DNA repair, and replication (71) . The human homologs of RPD3, HDAC1, and HDAC2 are overexpressed in several tumor types, and histone deacetylase inhibitors (HDACIs) are actively being pursued as anticancer therapeutic agents (72) . VPA is an FDA-approved Table S5 . (B) Liquid growth curve data for yeast cells carrying a vector-alone control or overexpressing TDP1 were grown in media containing two HDACIs, 2 mM VPA and 1 mM TSA, along with the corresponding no-drug controls (H 2 O for VPA and DMSO for TSA). *P < 0.05. (C) HT1080-HAC cells carrying a vector-alone control or overexpressing TDP1 were exposed to several concentrations of VPA. Fractions of cells relative to the no-drug control are shown at the various concentrations. *P < 0.05, **P < 0.005. (D) HT1080-HAC cells carrying a vector-alone control or overexpressing TDP1 were exposed to several concentrations of TSA. Fractions of cells relative to the DMSO control are shown at the various concentrations. *P < 0.05, **P < 0.005. (E) HSM, RH30 RMS cells, and RH30 cells with knockdown for TDP1 were grown in 2 mM VPA for 48 h. *P < 0.05, **P < 0.005. Percent cell proliferation and viability were detected using an MTT assay. (F) HSM, RH30 RMS cells, and RH30 cells with knockdown for TDP1 were grown in 200 nM TSA for 48 h. *P < 0.05. Percent cell proliferation and viability were detected using an MTT assay.
HDACI that is used to treat epilepsy and bipolar disorder (73) and has demonstrated potent antitumor effects against several tumor types including renal and pancreatic cancer (74, 75) . The antifungal agent TSA is another well-established HDACI also with potent antitumor activity (76) (77) (78) . We examined whether the SDL interaction between RPD3 LOF and the overexpression of yTDP1 can be recapitulated using VPA and TSA. In liquid growth assays, yeast cells overexpressing Tdp1 are more sensitive to both VPA and TSA compared with the vector-alone control (Fig. 5B) . To see if this interaction is conserved in human cells, we next exposed the HT1080 HAC-GFP cell line overexpressing hTDP1 to several concentrations of both deacetylase inhibitors. HT1080 cells overexpressing hTDP1 were indeed more sensitive to both VPA and TSA (Fig. 5 C and D) . Similarly, the RH30 RMS cells with elevated levels of hTdp1 were more sensitive to the HDACIs, and the knockdown of TDP1 partially suppressed this sensitivity ( Fig. 5 E and F and Fig. S3 C and D) . Similar to the CIN gene set, the dCIN gene set is enriched for processes known to be involved in genome stability, such as DNA damage repair, chromosome segregation, cell-cycle regulation, and transcription (Fig. 1B) . We also identified genes in pathways that have recently been linked to genome stability such as metabolism (80) as well as processes not directly involved in genome stability but that have been observed previously, such as protein trafficking (10, 11) . For ∼35% of the dCIN genes that function in predictable pathways such as DNA repair, replication, and mitosis and the 25% that function in or near DNA pathways known to affect genome stability such as transcription, nuclear transport, and RNA processing, their involvement in genome stability may be direct. The role in genome stability may be indirect for the remaining 40% of the genes. Regardless, the mechanisms of dCIN will require further experiments for most genes and cellular pathways identified in this study.
There is little overlap between our screens and the two previous overexpression screens, similar to the lack of overlap between the two previous screens (12, 13) . The differences could be due to the methods chosen for gene overexpression and the CIN assay of choice. Zhu and coworkers used the MoBY-ORF collection (81) , where genes were expressed from a high copy plasmid with the endogenous promoters, whereas Ouspenski et al. (12) used a cDNA collection expressed from a galactose inducible promoter. In addition, both these studies only used the CTF assay, and we show that 93 of the 245 dCIN genes were unique to the ALF screen.
Our phenotypic analysis of the 67 genes that are both dCIN and CIN ( Fig. 2A) revealed that overexpression of 32 of the 67 genes recapitulated a negative genetic interaction, implying that in these cases overexpression may phenocopy LOF (Fig. 2B and Table S2 ). One explanation for this overlap is the disruption of stoichiometry in a multisubunit complex, where overexpression of one complex subunit may titrate shared factors away from the complex or sequester a subset of components, thereby disrupting a multiprotein complex (82, 83) . NUP170 is one such example where both deletion and the overexpression disrupt the nuclear pore (84) . In this case, we would expect enrichment for components of protein complexes in the 32 genes that recapitulated negative GIs. However, only 8 of the 32 genes were known members of a protein complex. Therefore, in agreement with previous studies (82), we did not find a strong association between overexpression of genes that phenocopied LOF or ROF and proteins that are annotated to be components of complexes.
Further analysis of additional phenotypes, which included sensitivity to DDAs (Table S3 ) and formation of Rad52 foci (Table  S3 and Fig. 2F ), revealed that for 23 of the 67 CIN/dCIN genes, the phenotypic concordance was limited to the CIN phenotype. Therefore, it is possible that overexpression in these cases results in a gain-of-function phenotype (82); however, further tests will be necessary to assess this possibility.
dCIN Genes from Yeast Can Be Used to Identify dCIN Genes in Humans.
Gene amplification and overexpression are common features in human cancers, and their roles in tumor progression have not been broadly investigated. We generated a list of human homologs of yeast dCIN genes to uncover amplified and/or overexpressed genes that may be relevant to tumorigenesis. Our list contains two previously characterized dCIN genes in humans (51, 52, 85) as well as eight genes whose overexpression had a clear role in cancer progression (86) . Our candidate testing approach identified two additional genes, meaning that 20% (4/20) of yeast dCIN genes were phenotypically conserved in humans. However, it is likely this is an underestimate of the conservation in humans of the dCIN phenotypes observed in yeast, as screening using the HAC-GFP likely only tests for whole chromosome loss. In yeast, for example, multiple genome instability assays were used and were needed to identify the full spectrum of yeast CIN genes (10, 11) .
To our knowledge, TDP1 and TAF12 are two dCIN genes in humans that have not previously been linked to CIN (Fig. 3B) . TAF12 (or transcription initiation factor IID subunit 12) is a component of the TFIID general transcription factor that is involved in RNA polymerase II-dependent transcription (87) . Transcription is a process that has many links to genome instability, and aneuploidy-induced transcriptional changes are just one possible method used by cancer cells to escape cellular homeostasis mechanisms (88) . Recent work identified TAF12 as an oncogene involved in the formation of choroid plexus carcinomas, a frequently lethal brain tumor (55) .
Tdp1 expression is increased in several specific types of cancers including non-small cell lung cancers (58), Dukes C colorectal cancers (57), breast cancer cell lines (89) , and some RMSs (56) . We show that high levels of CIN in RH30 RMS cells can be partially rescued by the knockdown of TDP1 (Fig. 3D) , suggesting that Tdp1 is indeed partly responsible for the CIN phenotype in these cells. This also implies that the high CIN seen in certain subtypes of RMSs may be due, at least in part, to Tdp1 overexpression (90) .
SDL Screens as a Platform to Identify Therapeutic Targets in Cancers
with dCIN Gene Overexpression. Given that CIN represents a vulnerability that can be exploited as a therapeutic avenue for treatment of cancer (88, 91, 92) , the dCIN gene list introduces potential biomarkers for therapies that target CIN either using conventional genotoxic approaches or by exploiting synthetic lethal interactions with overexpressed genes in tumors. The overexpression of 69 dCIN genes showed sensitivity to at least one of the four DDAs tested, and ∼65% of these genes have human orthologs (Table  S3) . It may be possible to use these sensitivity profiles to predict drug sensitivities of tumors that are overexpressing dCIN gene orthologs and use genotoxic DDAs to augment treatment of these tumors, just as DDAs are used to treat cancers with mutations in genes that affect genome stability (93) .
Another approach is to exploit SL interactions between LOF mutations and overexpressed genes, a genetic interaction termed SDL. Here we screened for SDL partners with overexpression of Tdp1, and found several SDL partners associated with overexpression of Tdp1 [despite the fact that tdp1Δ has few SL/SS interactions (SGD)]. These SDL partner genes were involved in DNA metabolism as expected, and many of these proteins, such as Wss1, Rad27, Slx4, and Mus81, function together with or in parallel pathways to Tdp1, suggesting that cells with high Tdp1 levels rely on other pathways to repair DNA damage.
Removal of RPD3, a HDAC, had a SDL interaction with TDP1, and this interaction could be reproduced using HDACIs VPA and TSA (Fig. 5B) . This SDL interaction is also conserved in human cells with elevated levels of Tdp1, as both HT1080 cells overexpressing TDP1 and RH30 cells with elevated levels of Tdp1 are sensitive to both VPA and TSA (Fig. 5 C-F) . These experiments suggest that tumors with high levels of Tdp1 may be more susceptible to HDACIs.
In addition to the contribution of Tdp1 overexpression to CIN, increased levels of Tdp1 in cancer are of interest in clinical trials as a potential mechanism for the inefficacy of the Top1 poison Irinotecan (94) (95) (96) . In yeast, we and others have found that direct Tdp1 overexpression surprisingly does not provide resistance to the related Top1 poison CPT. Instead, high levels of wild-type yTdp1 lead to sensitivity to a broad spectrum of adduct-forming agents and DDAs including CPT, HU, MMS, bleomycin, and HDACIs (Fig.  4A, Fig. 5B, and ref. 65) . A role for yTdp1 overexpression causing DNA damage or limiting repair is further supported by the results of our SDL screen, which found that Tdp1 overexpressing yeast cells could not grow in the absence of several DNA repair factors (Fig. 5A ). This suggests that cells with high yTdp1 are dependent on DNA repair enzymes, especially endonucleases like Rad27, Slx4, and Mus81. We also found that overexpression of the yTdp1 H432R mutant had similar CIN levels and sensitivity profiles compared with the overexpression of wild type, despite the reduced activity and increased adduct-forming ability of the mutant (Fig. 4 A-C) . It is possible that overexpression of TDP1 leads to the accumulation of nonspecific Tdp1-DNA adducts, and in a manner similar to Top1-DNA adducts, these may lead to DNA double-strand breaks resulting from the collision of the replication fork with the protein-DNA adducts, increasing DNA damage and CIN (61, 97) .
These findings may have implications for the development of Tdp1 inhibitors. First, the dCIN phenotype induced by Tdp1 overexpression could affect the efficacy of drug response. As well, the biochemical assays used to screen for Tdp1 inhibitors rely on catalytic activity, with the most potent Tdp1 inhibitors uncovered to date being nonhydrolysable substrate mimetics (89, 98, 99) . But these inhibitors may not be effective in vivo if only Tdp1 activity is targeted without influencing the affinity of Tdp1 binding to the DNA.
Although SDL has been used to identify protein targets of enzymes (82, 100, 101) and to identify specific subsets of genes within chromosome segregation mutants (29) , it is underused to uncover genetic contexts that could selectively target cancer cells with elevated levels of a specific gene (26, 27, 102) . SDL screens therefore represent a powerful approach for fast and easy identification of candidate chemotherapeutic drug targets within the context of dCIN gene overexpression that could enable targeted elimination of these cells. It will perhaps open avenues for repurposing existing Food and Drug Administration-approved inhibitors to target specific tumor types or the development of new cancer drugs that target druggable SDL partner genes.
Conclusions
We present here a platform using the model organism yeast to identify dCIN genes that can be leveraged to detect and characterize cognate dCIN genes in cancer. This dataset may provide insight into overexpressed genes that contribute to tumor progression by causing CIN, partly addressing the challenge of uncovering driver genes within SCNAs that would require functional testing (17, 31) . The specific genotypes of individual cancer cells often will define their sensitivity profiles to chemotherapeutics (103) . Determining whether gene overexpression causes CIN in well-characterized cancer cells will reveal which of these genetic vulnerabilities could be exploited in a given tumor type (104) . Combining dCIN with SDL in a cross-species approach therefore offers the potential to expand the chemotherapeutic space in a more high-throughput fashion and can be used to target such cancer cell vulnerabilities.
Materials and Methods
Yeast Strains, Growth Conditions, and Plasmids. The S. cerevisiae strains and plasmids used are listed in Table S6 . Standard methods and media were used for yeast growth and transformations. For the liquid growth assays, the expression of genes under the GAL1 promoter was induced for 16 h by adding 2% (wt/vol) galactose to synthetic media lacking uracil. Synthetic minimal medium supplemented with appropriate amino acids was used for strains containing plasmids.
dCIN Screens and Confirmations. CTF screen. For the CTF screen, the marker chromosome (ade2-101::NatMX and CFVII {KANMX, SUP11}) was introduced into the FLEX overexpression array (37) using a Singer RoToR as described in ref. 47 . After diploid selection and sporulation, haploids that were Ura + , Kan R , and Nat R were selected. Gene expression was induced on galactose for 2 d and tested for stability of the CF as in ref. 38 . Increased loss of CF will result in a sectoring phenotype (see Fig.  S1A ). Candidate dCIN genes identified in the genome-wide screen were confirmed using direct transformations. Three independent transformants were tested for CTF and were assessed qualitatively by eye counting the number of sectored colonies. ALF screen. The screen was performed as highlighted in Yuen et al. (11) . Overexpression was induced for 2 d, and each strain was patched out on galactose in 1-cm 2 patches and mated to a Mat a his1 tester lawn by replica plating on galactose containing media. His + prototrophs were selected on minimal media. Candidate dCIN genes identified in the genome-wide screen were confirmed using direct transformations with three independent transformants. Colonies on final plates were counted, and ratios of vector to overexpressed gene were calculated. Genes whose overexpression caused >twofold increase in CIN are reported in Table S1 . For details on validations, please refer to SI Materials and Methods.
Sensitivity to Genotoxic Agents. Yeast strains carrying each dCIN candidate were grown in liquid media containing glucose followed by serial spot dilutions on galactose containing media with DDAs. Spot assays were quantified by eye to detect a difference in sensitivity to genotoxic agents compared with a vectoronly control. Final concentrations of genotoxic agents on plates were as follows: HU (Sigma; 100 mM), MMS (Sigma; 0.001%), bleomycin (Enzo Life Sciences; 10 μg/mL), and benomyl (Sigma; 10 μg/mL). For liquid growth assays, yeast strains containing the overexpression plasmids (in triplicate) were grown to saturation in glucose containing media. Two microliters of the saturated culture were diluted into 200 μL of the appropriate media containing galactose and 2 mM valporic acid (Sigma: P4543). OD 600 measurements were taken using a Tecan M200pro plate reader at 30-min intervals for 72 h at 30°C. For quantitative analysis, area under the curves were calculated for each condition and normalized to the fitness of the wild-type strain containing a vector-alone control as described in ref. 105 .
SDL Screens and Confirmations.
A query strain with a plasmid containing GAL-TDP1 was crossed to the yeast deletion array using synthetic genetic array (SGA) technology (47) . Using a series of replica pinning steps, an output array was generated where each deletion mutation on the array was combined with the plasmid overexpressing TDP1. Overexpression of Tdp1 was induced by pinning on to media containing galactose, followed by data analysis as previously described (106) . All interactions that met a cutoff of >20% changes in growth differential compared with a vector-alone control were chosen for validation (experimental-control values < -0.2). For confirmations, each deletion strain was transformed with plasmids containing a vector-alone control or GAL-TDP1, transformants were tested using serial spot dilutions, and only the confirmed interactions are reported in Fig. 5A .
Rad52-Foci Screen and Confirmations. The Rad52-GFP-tagged strain was introduced into a mini array consisting of 245 FLEX array plasmids (107) using SGA (47) . Haploid strains derived from SGA were inoculated and induced with 2% final concentration of galactose for 6 h at 30°C in liquid medium before imaging. Cells were imaged using an Evotec Opera high-throughput confocal microscope with a 60× objective (PerkinElmer), and CellProfiler version 1.0.5811 (108) was used to detect cells and nuclei in yeast. Genes that resulted in >10% spontaneous foci in the array-based screen were confirmed using retransformation. For details, refer to SI Materials and Methods.
Quantitative ALF Assays. Quantitative ALF assay was adapted from ref. 109 . For more details, refer to SI Materials and Methods.
Cell Culture. Human fibrosarcoma HT1080 cells with alphoid tetO -HAC-GFP were cultured in DMEM (Life Technologies) with 10% (vol/vol) FBS. To maintain the HAC, HT1080 cells were grown in 5 μg/mL of blasticidin (Sigma) as previously described (53) . RH30 (alveolar RMS, PAX3-FOXO1) cells were cultured in DMEM (Gibco BRL Life Technologies) supplemented with 10% heat-inactivated FBS (HyClone) and 1% antibiotic-antimycotic (Gibco BRL Life Technologies). Human skeletal myoblast cells were cultured using skBM-2 (Lonza) supplemented with 15% (vol/vol) FBS, 1% antibiotic-antimycotic, and 9 g/L D-glucose (final concentration, 10 g/L glucose). The RMS cell line was procured from the Leibniz Institute DSMZ-German Collection of Microorganisms. The HSM cell line was obtained from Lonza (XM13A1). All cells were grown at 37°C with 5% (vol/vol) CO 2 in a humidified environment. Human tissue and material used for this study was approved by the Institutional Review Board of the University of British Columbia (H09-03301).
Gene Overexpression Using Lentiviral Vectors. Gateway-compatible lentiviral expression vectors were used to generate HT1080 HAC-GFP lines overexpressing candidate human genes (54) . Clones for candidate human genes from the hORFeome 8.1 collection were sequenced and shuttled into the destination vector pLX302 PURO DEST (Addgene plasmid no. 25896) that allowed high expression levels (CMV promoter) and contained a C-terminal V5. Lentivirus was made in HEK293T cells using MISSION lentiviral packaging mix (Sigma) and Fugene 6 (Promega) optimized according to the manufacturer's instructions. Postinfection expression of the dCIN candidates was confirmed by Western blots. For details on target prioritization, refer to SI Materials and Methods.
HAC-GFP Assay, Flow Cytometry, and FISH Analysis. To assay HAC loss, HAC-GFP cells overexpressing the dCIN candidates were grown without blasticidin selection. Cells were passaged as required (2-3 d), and samples were examined every 7 d for loss of GFP signal using flow cytometry. For flow cytometry, cells were harvested using trypsin treatment, resuspended in PBS, and green fluorescence was determined. EGFP expression was detected using a FACS Calibur (BD Bioscienes) with FACS DIVA software (BD Bioscienes). Data were analyzed using FlowJo (FlowJo, LLC). A minimum of 4 × 10 4 events were acquired for each sample. The presence of HAC was confirmed by FISH analysis as previously described (53) .
Cell Proliferation Experiments with HDACIs. HT1080-GFP cells with TDP1 or the vector-alone control were normalized for cell counts and plated into 96-well plates. Approximately 24 h later, VPA (Sigma) was added at concentrations of 0 mM, 0.5 mM, 1 mM, 2 mM, and 3 mM, and cells were grown for 3 d.
Cells were fixed with 3.7% paraformaldehyde and stained with Hoechst 33342 before nuclei were counted using a Cellomics ArrayScan. Cell lines were normalized to the vector-alone control and compared using a twotailed Student's t test. The same experimental protocol was carried out with TSA (MedChem Express) at concentrations of 1 nM, 2 nM, 3 nM, and 4 nM.
MTT Assay for RMS Cell Proliferation with HDACIs. Cell proliferation and viability were measured as previously described (56) . Refer to SI Materials and Methods for more details.
Immunobloting. Cells were collected after trypsinization and centrifugation. Pellets were resuspended in 50 mM Tris·HCl (pH 7.5), 150 mM NaCl, 10% (vol/vol) glycerol, 1% Triton X-100, and protease inhibitors (Roche), followed by lysis using sonication and centrifugation to remove debris. Lysate proteins were separated by SDS/PAGE, were transferred to PVDF, and were blotted with the following antibodies: V5 monoclonal antibody (Invitrogen; R96025), HRP-conjugated V5 antibody (Invitrogen; R96125), Cyclin E2 (Abcam: ab32103), and Tdp1 (56). 
